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Positive-sense single-stranded RNA viruses have developed strategies to exploit cellular resources at the expense of host
mRNAs. The genomes of these viruses display a variety of structures at their 5° and 3’ ends that differentiate them from
cellular mRNAs. Despite this structural diversity, viral RNAs are still circularized by juxtaposition of their 5" and 3’ ends,
similar to the process used by cellular mRNAs. Also reminiscent of the mechanisms used by host mRNAs, translation of viral
RNAs involves the recruitment of translation initiation factors. However, the roles played by these factors likely differ from
those played by cellular mRNAs. In keeping with the general parsimony typical of RNA viruses, these host factors also
participate in viral RNA replication. However, the dual use of host factors requires that viral RNA template utilization be
regulated to avoid conflict between replication and translation. The molecular composition of the large ribonucleoprotein
complexes that form the viral RNA replication and translation machineries likely evolves over the course of infection to allow

for switching template use from translation to replication.

For positive-sense single-stranded RNA [(+)
ssRNA] viruses, the largest class of viruses, the earliest
events following cell entry and capsid disruption are
translation and replication of the virus genome. Viral
RNAs share characteristics with host cell mRNAs, but
must have differential features to allow for preferential
translation. Viral RNAs are also distinct from host
mRNAs in that they are replicated as well as trans-
lated. The inherent conflict between the two processes
must be resolved by molecular control switches for
template use. (+) ssRNA viruses use host proteins in
coordination with virus proteins to accomplish repli-
cation and translation of their genome.

The ability of a virus to invade a host relies on the
occurrence of a compatible interaction that depends,
among others, on the formation of functional hetero-
complexes between host and virus proteins. In several
cases, the ability of a virus to interact with a host can be
mapped to single nucleotide differences in the genome
of either host or virus, underlining the specificity of the
interactions required. Reports on interactions between
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virus and host proteins have generated new insight
into how host and (+) ssRNA viruses interact but has
also left questions unanswered concerning interac-
tions observed in one set of host-pathogen but not yet
in others. This review focuses on the features that
differentiates viral RNA from host mRNA and the
processes related to RNA translation and replication
that show conservation of function across a broad
range of (+) ssRNA viruses infecting prokaryotes,
animals, and plants. The premise used here is that the
identification of differences between viral and host
RNAs will point to different strategies for replication
and translation and should lead to hypotheses on the
mechanisms that control the outcome of host-virus
interactions.

HOST mRNAs AND THEIR TRANSLATION

To identify elements unique to viral RNAs, we must
first briefly review the canonical model of translation
of cellular mRNAs to then identify how viral RNAs
deviate from this model to control the host cell to their
advantage. Most eukaryotic mRNAs have a 5 un-
translated region (UTR), a modified nucleotide (cap
structure) at the 5’ end, and a poly(A) tail at the 3’ end.
Both the 5" UTR secondary structure and the 3’ end
poly(A) tail affect translation initiation. The scaffold
protein elF4G (eukaryotic translation initiation factor
4G) is the cornerstone of translation initiation. By in-
teracting with the 5" cap-binding protein elFAE (within
the elF4F complex) and the 3’ bound poly(A)-binding
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protein (PABP), elF4G acts as a molecular bridge
between the 5' and 3’ ends of the mRNA resulting
in mRNA circularization (the closed-loop model for
mRNA configuration at translation initiation; Fig. 1A;
see Gingras et al., 1999 for a detailed review of trans-
lation initiation factors). Circularization increases
translation efficiency by promoting de novo initiation
by ribosomes and recycling of terminating ribosomes
on the same mRNA (Welch et al., 2000). A helicase,
elF4A, resolves secondary structure present in the
5" UTR, facilitating access by translation factors. By
its association with elF4G, elF3 then recruits the 40S
ribosomal subunit and creates a link between the
mRNA /elF4F complex and the ribosome. Upon rec-
ognition of the AUG codon, most translation initiation
factors are released, followed by recruitment of the 60S
ribosomal subunit and the beginning of translation. In
plants, two isoforms of elF4F are present and seem to
have complementary roles: elF4F, containing elF4E
and elF4G, and elF(iso)4F, containing elF(iso)4E and
elF(is0)4G (Browning, 2004).

THE (+) ssRNA VIRUSES

By contrast to cellular mRNAs, the 5’ termini of
viral RNAs can take one of several forms: a 5’ phos-
phate group, a cap or a virus-encoded polypeptide
called VPg (Viral Protein genome-linked) covalently
attached to the first nucleotide of the RNA. Some viral
5" UTRs differ substantially from those of cellular
mRNAs by their length and/or secondary structure.
They can also contain an internal ribosome entry
sequence (IRES) that allows for direct entry of ribo-
somes on the RNA, therefore bypassing the require-
ment for the elF4F initiation complex resulting in
cap-independent translation. The 3’ end of the RNA
can feature a poly(A) tail, a tRNA-like structure, or
simply a 3' OH group. Although (+) ssRNA viruses
rely on the host cell for translation, these structural
differences suggest derogations to the general rules of
eukaryotic translation.

(+) ssRNA viruses code for their own RNA-
dependent RNA polymerase (RdRp) but also need
host factors for formation of the replicase complex.
Replication is initiated by copying the (+) strand to a
complementary (—) strand intermediate that then
serves as template for the production of (+) strand
genomic RNAs through asymmetrical replication.
These progeny molecules are then used for translation,
replication, or as genomic RNA in new virions. Trans-
lation and replication of the same RNA templates must
be regulated since the 5’ to 3’ movement of ribosomes
on the RNA conflicts with the 3’ to 5’ activity of the
RdRp. This is achieved by the interaction of host and
viral factors with each other at both ends and some-
times along the viral RNA (Barry and Miller, 2002;
Walter et al., 2002).

Like host mRINAs, there is evidence that viral RN As
also circularize; viral genomes that lack either 5’ cap,
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3’ poly(A), or both display different mechanisms for
formation of 5’ and 3’ end interactions.

Viral RNAs without 5’ Cap or 3’ Poly(A)

Bacteriophage QB uses RNA-RNA interactions be-
tween the 5 and 3’ ends of its RNA. Such long-
distance RNA interactions are required for replication
since mutations that destabilize them abolish replica-
tion (Klovins and van Duin, 1999). In the case of
Flaviviruses, the genome is also circularized through
RNA-RNA interactions: dengue virus initiation of (—)
strand RNA synthesis depends upon complementary
sequences at the 5" and 3’ ends (You and Padmanabhan,
1999).

The RNA of barley yellow dwarf virus (BYDV; Fig.
1B) base-pairs stem loops in the 3’ and 5" UTRs. These
interactions between ends are thought to be responsi-
ble for positioning the replication complex at the site of
initiation for (—) strand RNA synthesis. Disruption of
the base-pairing between the ends abolishes viral RNA
replication. It is proposed that BYDV uses this base-
pairing to allow the replicase working from the 3" end
to shut off translation of viral RNA and free the RNA
of ribosomes to allow replication (Barry and Miller,
2002). Cellular proteins may also participate in joining
the 5" and 3’ ends.

Other (+) ssRNA plant viruses recruit host factors
through features in their genomic RNA. An interaction
between the 5" UTR and 3’ translation enhancer (TED)
of satellite tobacco necrosis virus (STNV; Tombusvir-
idae) facilitates its cap-independent translation. Trans-
lation of STNV RNA lacking a functional TED can be
restored in vitro by capping the 5’ end. This, combined
with the capacity of the STNV TED RNA fragment to
bind to elF4F and elF(iso)4F complexes, suggests that
the 3’ UTR TED is a functional mimic of a 5’ cap group
(Gazo et al., 2004).

The genomic RNA of turnip yellow mosaic virus
(TYMV; Tymoviridae) has a tRNA-like structure at its 3’
end that can complex with host translation elongation
factor eEF1A. For TYMYV, Matsuda et al. (2004) have
shown that (—) strand synthesis by the viral RdRp is
repressed upon binding of eEF1A. This repression
could occur early during infection to help coordinate
template use between translation and replication. In
the case of cricket paralysis virus (Dicistroviridae), the
5' IRES contains a tRNA™" mimic to recruit eEF1A
and 2 (Jan et al., 2003).

Viral RNA with a 5" Cap But No 3’ Poly(A)

Viruses with a 5’ cap and a nonpolyadenylated 3’
end use different mechanisms to achieve similar
results. The 3’ end of alfalfa mosaic virus (AMYV;
Bromoviridae) RNA has a tRNA-like structure instead
of a poly(A) tail and features a series of stem-loops in
that 3’ region. The AMV coat protein (CP) binds to
these hairpins to stimulate translation perhaps by
mimicking the binding of PABP to the poly(A) tail of
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A Cap/ poly(A) [e.g. cellular mRNA]

B No cap / no poly(A) [e.g. BYDV]

3!

C Cap/ no poly(A) [e.g. rotavirus]

4G

3

4E

D IRES / poly(A) [e.g. poliovirus]
3' AAAAAAAAAAAAA

POL

E IRES? / poly(A) [e.g. TuMV]

IRES?

Figure 1. Interaction of the 3’ and 5’ ends of the RNA of (+) ssRNA
viruses is mediated by RNA-RNA interactions or through the recruit-
ment of host translation initiation factors. A, Simultaneous interactions
between elF4G-elF4AE and elF4AG-PABP result in a closed-loop confor-
mation typical of cellular mRNAs. B, Direct RNA-RNA interactions
circularize the uncapped and nonpolyadenylated RNA of viral genomic
RNAs (e.g. BYDV). C, Rotaviral NSP3 interacts simultaneously with the
nonpolyadenylated 3’ end of the viral RNA and with the cap-bound
elF4G. NSP3 is present in a complex with elF4A and elF4E. D, End-to-
end interactions for the uncapped, polyadenylated poliovirus RNA
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mRNAs. The binding of one or more molecules of CP
to the 3’ end of AMV RNAs is required for efficient
translation in vivo. It is proposed that CP promotes
circularization of viral RNAs by binding simulta-
neously to the 3’ UTR and to translation initiation
factors assembled at the 5" end (Neeleman et al., 2004).
The dissociation of CP from the complex may allow
the shift from translation to replication by allowing
access of the 3" UTR region to the replicase complex.
The 3’ UTRs of brome mosaic virus (BMV; Bromouvir-
idae) also contain a tRNA-like structure that stimulates
translation (Zeenko et al., 2002; Barends et al., 2004).
The 3’ tRNA-like of tobacco mosaic virus (TMV;
Tobamovirus) is preceded by a pseudoknot domain to
which binds elIF1A; the involvement of eIF1A is
important as mutations that reduce the binding also
reduce (—) strand synthesis and virus accumulation.
The exact mechanism is not clear but el[F1IA might
stimulate replication in association with other host
factors (see Zeenko et al., 2002). elF1A is also found
enriched in replication bodies in infected cells, along
with ribosomes, further supporting the hypothesis
that it is a required factor for efficient TMV translation
and replication.

Mutational screens for BMV replication in yeast
(Saccharomyces cerevisiae; used as a model BMV repli-
cation system) have allowed the identification of
several host proteins that are implicated in translation
and replication of viral RNA (Nouiery et al., 2003).
Some are also involved in the replication of a double-
stranded RNA virus from the yeast itself (Chong et al.,
2004), raising the possibility that common mechanisms
might be at play in these very different systems. The
yeast factors (part of the Sm-like family of proteins) are
involved in RNA processing (e.g. mRNA turnover,
tRNA processing, decapping) in a broad range of
organisms. The complex of yeast factors encoded by
LSM1/LSM7 is required for translation of viral geno-
mic RNAs, but not for translation of viral subgenomic
mRNAs or most cellular mRNAs. Viral genomic RNAs
destined for replication are distinguished from other
viral and cell RNAs early in infection through in-
teraction with the Lsm1-7 complex (Nouiery et al.,
2003). Lsm1 may be part of the molecular switch that
recruits genomic RNAs from translation to replication.

Outside the (+) ssRNA viruses sensu stricto, rota-
viruses (Reoviridae, infecting animals) have double-
stranded RNA genomes that are exposed to the same
functional requirements as (+) ssRNA viruses at the
single-stranded stage of their multiplication cycle
(Piron et al., 1998). The rotavirus RNA is circularized
via virus protein NSP3 that bridges the 3’ end of viral
RNA and elF4G (Vende et al., 2000). The 3’ sequence
of rotaviral RNAs and NSP3 fulfil roles similar to the
mRNA poly(A) and to PABP, respectively (Piron et al.,

occur via the host proteins PABP and PCBP and the viral poly(A) tail and
IRES structure. E, RNA circularization of the RNA plant potyviruses
might be mediated by elF4G, elF4E, PABP, and VPg interactions.
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1998; Fig. 1C). Furthermore, NSP3 competes with
PABP for elF4G and interferes with circularization of
cellular mRNAs leading to inhibition of host protein
synthesis (Padilla-Noriega et al., 2002).

Capped and Polyadenylated Viral RNAs

The genome of some RNA viruses resembles cellular
mRNAs with a5’ cap and a 3’ poly(A). Circularization
of these genomic RNAs (e.g. the coronaviruses and
plant potexviruses) likely follows the canonical cellu-
lar mechanism: viral RNA circularization is mediated
by a cap-elF4E-elF4G-PABP-poly(A) tail interaction.
Using coronavirus replicons, it was shown that a
poly(A) tail long enough for efficient PABP binding
is essential for virus replication such as seen with
cellular RNAs (Fig. 1A). The circularization of corona-
viruses is suggested to be important for translation
and for assembly of the replicase complex (Spagnolo
and Hogue, 2000).

Viral Genomes with a 5° VPg and a 3’ Poly(A)

(+) ssRNA viruses of the families Picornaviridae,
Potyviridae, Comoviridae, and Caliciviridae lack a 5’
cap, but their RNA is covalently linked at the 5’ end
to the VPg protein. End-to-end RNA interactions are
found in several picornaviruses including poliovirus
(PV), hepatitis A virus, and encephalomyocarditis
virus (EMCV; Bergamini et al., 2000; Michel et al.,
2000). Circularization of PV RNA is mediated by
PABP; interactions between 3CD (the viral polymerase
precursor), poly(C) binding protein (PCBP; a host
protein regulating the stability and expression of
several cellular mRNAs; Ostareck-Lederer et al.,
1998), and PABP hold both ends of the PV RNA
together (Herold and Andino, 2001; Fig. 1D). These
ribonucleoprotein (RNP) complexes at the ends of the
viral genome are necessary for replication and stimu-
late viral RNA translation. The same synergetic effect
was shown for EMCV and hepatitis A virus (Bergamini
et al., 2000).

Host proteins interacting with PABPs of both animal
(Khaleghpour et al., 2001) and plant (Wang et al., 2004)
inhibit translation in vitro. Such inhibition of cap-
dependent translation could lead to preferential trans-
lation of viral RNAs. In animal cells, cleavage of PABP
by viral proteases from Picornaviridae and Caliciviridae
interferes with cap-dependent translation. Ribosome-
associated PABP is preferentially cleaved resulting in
inactivation of ribosome complexes attached to the
poly(A) tail (Kerekatte et al., 1999; Kuyumcu-Martinez
et al., 2004). The implications for viral translation are
unclear as both caliciviruses and enteroviruses have
poly(A) tails and a bypass mechanism is probably
needed to selectively inhibit host translation without
affecting viral translation. It is also possible that
cleavage of PABP is required for switching between
translation and RNA replication.
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The presence of a virus-encoded protein covalently
attached to the 5’ end of the virus genome is unique to
(+) ssRNA viruses and is a departure from the
canonical cellular mRNA structure. Removal of VPg
from the feline calicivirus (Caliciviridae) RNA leads
to a decrease in viral RNA translation (Herbert et al.,
1997). The speculation is that the 5’ VPg acts as a
surrogate for the cap and functions as a recruiter of the
translation initiation complex in a cap-independent
mechanism (Herbert et al., 1997). This is further
supported by the observations of Daughenbaugh et al.
(2003) that elF3 binds to VPg in Norwalk virus
(Caliciviridae). It is possible that a direct interaction
between VPg and elF3 bound to 40S ribosomal sub-
units attracts the initiation complex to the viral RNA,
resulting in depletion of factors for host mRNA trans-
lation.

The RNA of plant potyviruses (Potyviridae, pircorna-
like viruses) have a 5’ VPg and a 3’ poly(A). The RNA
polymerase of zucchini yellow mosaic virus and the
VPg-Pro of turnip mosaic virus (TuMV) interact with
PABP (Wang et al., 2000; Leonard et al., 2004). The
interaction between the viral RdARp and PABP might
facilitate RNA replication by promoting an interaction
with the poly(A) tail or facilitate the removal of PABP
from the poly(A) tail to allow RdRp to initiate RNA
replication. In addition, the potyvirus VPg interacts
with different isoforms of the cap-binding elF4E
(Wittmann et al., 1997; Schaad et al., 2000) and the
interaction is a determinant of infection (Leonard et al.,
2000). In Arabidopsis (Arabidopsis thaliana), mutational
inactivation of the gene encoding elF(iso)4E results
in the loss of susceptibility to several potyviruses
(Duprat et al., 2002; Lellis et al., 2002). VPg and cap
bind with similar affinities to different sites of elF4E
(Leonard et al.,, 2000; T. Michon and O. Le Gall,
unpublished data), suggesting either a competition
between VPg-bound (viral) and capped (cellular)
mRNAs or a sequestration of translation factors by
VPg in infected cells, or both. Circularization of the
potyvirus RNA could occur through a noncanonical
process where the cap structure is replaced by the 5’
VPg; VPg could bind elF4E that binds elF4G and
PABP, therefore bringing together the 3’ poly(A) and
the 5-bound VPg (Fig. 1E). Alternatively, a more
direct binding resulting from the interaction between
VPg-Pro and PABP could achieve the same result.
These two mechanisms may reflect different mecha-
nistic approaches used at different stages of the virus
life cycle allowing for differential regulation of tem-
plate use by modification of the molecular components
of the RNP complex.

CONCLUDING REMARKS

In eukaryotes, translation is temporally, spatially,
and functionally uncoupled from RNA synthesis.
Unlike cellular mRNAs, synthesis of viral RNAs
follows, rather than precedes, translation; and unlike
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cellular mRNAs, (+) ssRNA viruses display a variety
of structures at the 5° and 3’ ends. Despite this
structural diversity, similar host functions are re-
cruited by cellular and viral RNAs alike. (+) ssRNA
viruses make efficient use of resources; many host and
viral proteins involved in translation also appear to
be involved in replication. The fact that host factors
involved in virus replication are part of cellular trans-
lation machineries could simply be the consequence
of the coupling of translation and replication in
(+) ssRNA viruses (White et al., 1992, Novak and
Kirkegaard, 1994; Taylor and Carr, 2000).

Conservation of circularization in (+) ssRNA viru-
ses, despite structural differences, provides these vi-
ruses with access to the host cell translation machinery
and leads to enhanced translation of the genomic RNA
(Le et al., 1997; Gallie, 1998; Wei et al., 1998; Borman
et al., 2000). Viral RNA circularization could also
coordinate translation and RNA synthesis through
the localization of the viral RdRp at the appropriate
start site (Herold and Andino, 2001; Barry and Miller,
2002). Deviation from the canonical model provides
opportunities for differential regulation of translation
and template use at different stages of the virus cycle.

The identity and role(s) played by host factors in the
virus cycle remains a major unknown in plant virol-
ogy. Improved knowledge in this area will likely
provide plant biology with novel views on fundamen-
tal cell processes (e.g. translation), as was the case for
bacteriophage research on the understanding of basic
prokaryote molecular biology in the second half of the
twentieth century. In addition, such knowledge might
form the foundation for directed plant breeding efforts
to develop virus resistance in crops. For example, the
discovery of the elF(iso)4E interaction with TuMV VPg
protein was instrumental in the identification of e[F4E
as a recessive resistance gene to potyviruses, which
has been used for many years by breeders to protect
crops (Ruffel et al., 2002; Nicaise et al., 2003; Gao et al.,
2004). Such applications, and the basic understanding
of the composition and roles of these large RNP
complexes in virus translation and replication, will
drive many research efforts.
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